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Remote Phosphate Contacts Trigger Assembly
of the Active Site of DNA Topoisomerase IB
between the enzyme and the DNA bases (Redinbo et
al., 1998, 2000; Stewart et al., 1998). The paucity of base
contacts is consistent with the promiscuity of mamma-
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the human enzyme by its specificity for DNA transesteri-University of Virginia
Charlottesville, Virginia 22901 fication at a pentapyrimidine target sequence 5-(T/C)
CCTT↓ (Shuman and Prescott, 1990). The Tp↓ nucleotide
(defined as the 1 nucleotide) is linked to Tyr274 of the
enzyme. The attack by tyrosine on the scissile phospho-Summary
diester to form the covalent intermediate is catalyzed
by 4 amino acid side chains of vaccinia topoisomerase:Vaccinia topoisomerase IB forms a covalent DNA-
Arg130, Lys167, Arg223, and His265 (Petersen and Shu-(3-phosphotyrosyl)-enzyme intermediate at its target
man, 1997; Wittschieben and Shuman, 1997; Cheng etsite 5-CCCTTp↓ in duplex DNA. The contributions of
al., 1997). These residues, which are conserved in hu-backbone electrostatics and individual phosphate ox-
man topoisomerase I and all other type IB topoisomer-ygens to the transesterification reaction were probed
ases, are in direct contact with the scissile phosphateby introducing 22 single Rp and Sp methylphospho-
in one or more of the crystal structures of DNA-boundnate diastereomers at 11 positions flanking the cleav-
topoisomerase IB (Redinbo et al., 1998, 2000). The crys-age site. Methyl groups at eight positions (four on
tal structure of vaccinia topoisomerase in the free statethe scissile strand and four on the nonscissile strand)
showed that several of the catalytic residues are eitherinhibited the rate of single-turnover cleavage by fac-
disordered or out of position to perform transesterifica-tors of 50–50,000. Stereospecific interference was ob-
tion chemistry, implying that the active site is not pre-served at several phosphates, thereby distinguishing
assembled (Cheng et al., 1998). It was proposed thatsimple electrostatic contributions from putative spe-
formation of a competent active site is triggered by rec-cific polar contacts to either the pro-Sp or pro-Rp
ognition of the DNA target site.oxygens. The functionally relevant phosphate oxygens
Our goal is to define the DNA moieties that contributeare located on the minor groove face of the helix on
to target site recognition and understand how they en-which the scissile phosphodiester resides. Our find-
able catalysis by vaccinia topoisomerase. Here we focusings, combined with available crystal structures of
on the roles of specific DNA phosphates flanking thevaccinia and human topoisomerase IB, show how spe-
scissile phosphodiester. Candidates for functionally rel-cific phosphate contacts remote from where chemis-
evant phosphates were identified previously by studyingtry occurs are critical for assembly of the active site.
the effects of random phosphate ethylation on topo-
isomerase binding to a model DNA substrate containing
Introduction a single CCCTT site (Sekiguchi and Shuman, 1994). Eth-
ylation of the 1, 2, 3, and 4 phosphates on the
Type IB topoisomerases modulate the topological state scissile strand (positions CpCpTpTp↓) and the 3, 4,
of DNA by cleaving and rejoining one strand of the DNA and 5 phosphates on the nonscissile strand (3-
duplex. Cleavage occurs via a transesterification reac- GpGpGpA) interfered with formation of the noncovalent
tion in which the scissile Np↓N phosphodiester is at- topoisomerase-DNA complex. The imputed topoisom-
tacked by a tyrosine of the enzyme, resulting in the erase-phosphate contacts are arrayed across the minor
formation of a DNA-(3-phosphotyrosyl)-enzyme inter- groove of the DNA helix, where they comprise part of
mediate and the expulsion of a 5-OH DNA strand the binding surface for the C-terminal catalytic domain
(Champoux, 1981). In the religation step, the DNA 5 of the enzyme. Phosphate ethylation is a relatively crude
OH group attacks the covalent intermediate resulting in modification interference method, insofar as: (i) ethyl-
expulsion of the active site tyrosine and restoration of ation simultaneously eliminates the negative charge on
the DNA phosphodiester backbone. the phosphate and introduces a bulky aliphatic group;
Type IB topoisomerases engage the target site for (ii) the ethylation chemistry yields a racemic mixture of
DNA cleavage circumferentially, by forming a C-shaped Rp and Sp phosphotriesters at each modified phospho-
clamp around the duplex (Sekiguchi and Shuman, 1994; rus center; and (iii) selection of bound and unbound
Redinbo et al., 1998; Cheng et al., 1998). Crystal struc- ethylated DNAs from a population of randomly ethylated
tures of human topoisomerase I bound to DNA highlight molecules provides only a qualitative picture of the pro-
multiple contacts between the protein and the phos- tein-DNA interface.
phate backbone at and upstream (5) from the cleavage To understand in quantitative terms the contributions
site. There are relatively few protein-phosphate contacts of individual DNA phosphates to covalent catalysis, to-
downstream from the cleavage site and minimal contact poisomerase transesterification activity has been ana-
lyzed with modified DNA substrates that either lack spe-
cific phosphates or contain nonstandard internucleotide*Correspondence: s-shuman@ski.mskcc.org
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linkages or nicks in the DNA backbone (Cheng and Shu- diester is that hydrolysis is normally strongly sup-
pressed by electrostatic repulsion of the nucleophilicman, 1999; Stivers et al., 2000; Krogh et al., 1999, 2001;
Tian et al., 2003). Modification effects on the rate of the water and that neutralization of the negative charge by
methyl substitution for either the pro Rp or pro Sp oxy-cleavage reaction spanned the gamut from inhibition by
six orders of magnitude (by a 2-5 substitution for the gens removes this barrier to attack by water on the
covalent intermediate. This initial study underscored thescissile phosphodiester, CCCTT2p↓5N) to none at all
(by 5-bridging phosphorothiolate substitutions at the power of chiral methylphosphonates as tools to probe
the mechanism of enzyme-catalyzed phosphoryl transfer.cleavage site or flanking the cleavage site on the scissile
strand). Here we use chiral methylphosphonate-substi- Here we focus on the effects of charge neutralization
at phosphate positions flanking the site where chemistrytuted DNAs to probe the contributions of negative
charge on the phosphodiester backbone and presump- occurs. A series of 18-mer scissile strands containing
a single Sp or Rp methylphosphonate at positions 5,tive polar contacts of the enzyme with the nonbridging
oxygens in the catalysis of the strand cleavage reaction. 4, 3, 2, 1, and 2 on the scissile strand were 5
32P-labeled and annealed to an unlabeled 30-mer strandThe methylphosphonate modification eliminates the
negative charge on the phosphodiester and introduces to form a suicide substrate for vaccinia topoisomerase
(Figure 1). DNA cleavage results in covalent attachmentrelatively little added bulk compared to the phospho-
triester formed by phosphate ethylation. The methyl of a 5 32P-labeled 12-mer (5-pCGTGTCGCCCTTp) to
the enzyme via Tyr274. The unlabeled 6-mer leavinggroup of the methylphosphonate would not be able to
engage in hydrogen bonding interactions with amino strand 5 HOATTCCC dissociates spontaneously from the
protein-DNA complex. Loss of the leaving strand drivesacid side chains on the topoisomerase.
We synthesized a series of 22 position-specific and the cleavage reaction equilibrium toward the covalent
state, so that the reaction can be treated kinetically as astereospecific methylphosphonate-modified DNA sub-
strates and determined the rate constants for their unidirectional process (Stivers et al., 1994; Wittschieben
and Shuman, 1997). Formation of the covalent adductcleavage by vaccinia topoisomerase under pseudo-first
order conditions. We find that methyl groups at eight is detectable by SDS-PAGE analysis of the reaction
products (Shuman, 1991). The reaction of topoisomer-positions profoundly inhibit cleavage rate (by factors of
50–50,000). The cleavage-suppressing methylphospho- ase with the unmodified phosphodiester substrate at-
tained an endpoint of 95% covalent adduct within 20 s;nate substitutions either had no effect, a less pro-
nounced slowing effect, or a similar slowing effect on from the extent of cleavage at 5 s, we calculated a
cleavage rate constant of 0.46 s1. Note that the secondthe rate of single-turnover religation. These studies illu-
minate the functional interface with the DNA backbone order process of noncovalent binding of topoisomerase
to the DNA target site is fast and saturating under theat atomic resolution and they reveal how phosphate
contacts remote from the cleavage site are critical for conditions used, thus justifying the estimation of a
pseudo-first order rate constant from the data.catalysis by topoisomerase IB.
Introduction of an Rp or Sp methylphosphonate at
positions 5 or 2 had no significant effect on the
Results cleavage rate constant or the reaction endpoint, nor
did an Rp methylphosphonate at position 4 or an Rp
Effects of Single Chiral Methylphosphonate methylphosphonate at 3 (Figure 1). (Our working defi-
Modifications Flanking the Cleavage Site in the nition of a significant interference effect is one that
Scissile CCCTT Strand causes at least a 5-fold decrement in the cleavage rate
The effects of methylphosphonate modification at the constant.) Thus, the negative charge on the 5, 4,
scissile phosphodiester 5-CCCTTp↓A have been re- 3, and 2 phosphates of the scissile strand plays no
ported elsewhere (Tian et al., 2003). The surprising find- significant role in supporting the DNA cleavage reaction.
ing of that study was that introduction of an Sp or Rp In contrast, six other methylphosphonate substitu-
methylphosphonate linkage at the cleavage site trans- tions slowed the rate of transesterification by at least a
formed vaccinia topoisomerase into a potent endonu- factor of 5, without significantly affecting the reaction
clease. The nuclease reaction entailed formation and endpoint (Figure 1). There was a hierarchy of interfer-
rapid hydrolysis of a covalent enzyme-DNA methylphos- ence effects depending on the position and stereochem-
phonate intermediate. There was a significant stereo- ical configuration of the methylphosphonate. Cleavage
chemical effect on the rate of the transesterification step of the 4S methylphosphonate substrate was slowed
(Sp/Rp  16), underscoring the distinct contributions of 5-fold compared to unmodified DNA and there was a
electrostatic and/or hydrogen-bonding interactions with 4-fold stereochemical effect, as defined by the ratio of
the two different nonbridging scissile phosphate oxy- the rate constants of the faster to slower4 methylphos-
gens. A simple interpretation was that each oxygen in- phonate-substituted DNAs. The rate of cleavage of the
teracts with a different partner on the enzyme and, in- 3S methylphosphonate DNA (0.007 s1) was slower
deed, it was shown via biochemical epistasis between by a factor of 65 than cleavage of unmodified DNA and
DNA modifications and protein mutations that the cata- there was a pronounced stereochemical effect at the
lytic side chain His265 stabilizes the transition state by 3 position (Rp/Sp  21). The cleavage rate constants
donating a hydrogen bond to the scissile phosphate for the 4S and 3S methylphosphonate substrates
oxygen corresponding to the Sp methyl. A plausible did not increase when the concentration of topoisomer-
explanation for the30,000-fold acceleration in the rate ase in the reaction mixture was doubled, indicating that
the slowed cleavage rate was not caused by a defectof hydrolysis of a methylphosphonate versus phospho-
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Figure 2. Scissile Strand Methylphosphonates Do Not Affect the
Cleavage Site Specificity of Vaccinia Topoisomerase
Cleavage reactions and subsequent treatments of the reaction prod-
ucts were performed as described under Experimental Procedures.
An autoradiogram of the polyacrylamide gel is shown. The control
substrate contained no modifications. Other substrates contained
Rp or Sp methylphosphonates in the 5 32P-labeled scissile strands
at the positions specified. The positions of the 18-mer scissile strand
and a “protein-free” 12-mer produced by peroxidolysis of the cova-
lent intermediate are indicated by arrows on the left.
The most severe catalytic defects were caused by
the1 Sp methylphosphonate (kcl9 106 s1) and1
Rp methylphosphonate (kcl  0.0032 s1) modifications,
which reduced the rate of transesterification by factors
of 51,000 and 140, respectively. Comparison of the rate
constants for the Sp and Rp 1 methylphosphonate
substrates highlights a significant stereochemical effect
(Rp/Sp  350). The 2 Rp methylphosphonate (kcl 
0.0049 s1) and 2 Sp methylphosphonate (kcl  0.035
s1) modifications slowed transesterification by factors
of 94 and 13, respectively, with a 7-fold stereochemical
effect. The observed cleavage rate constants for the
1 Sp and Rp and 2 Sp and Rp methylphosphonate-
modified substrates did not increase when the concen-
tration of topoisomerase in the reaction mixture was
doubled (data not shown). These results show that nega-
tive charges on the 1 and 2 scissile strand phos-
phates are important for the cleavage transesterification
reaction.
Methylphosphonates Do Not Alter
the Site of DNA Cleavage
To address whether the cleavage-slowing 1 and 2Figure 1. Effects of Scissile Strand Methylphosphonates on Single-
Turnover DNA Transesterification by Vaccinia Topoisomerase methylphosphonates altered the site of cleavage within
the 18-mer scissile strand, the reaction products wereThe 18-mer/34-mer suicide substrate is shown at the bottom of
the figure with the site of cleavage indicated by a vertical arrow. treated with proteinase K in the presence of SDS to
The 5 32P-label on the scissile strand is denoted by an asterisk. The degrade the covalently linked topoisomerase. The radio-
unmodified control substrate is depicted in greater detail with the labeled DNA reaction products were then analyzed by
phosphodiester backbone drawn as horizontal lines and the base
denaturing polyacrylamide gel electrophoresis (Figurepairs as vertical lines. The numerical coordinates of the phosphates
2). Reaction of topoisomerase with the unmodified con-are indicated above DNA sequence. The Rp and Sp methylphospho-
trol substrate resulted in the appearance of a cluster ofnate diastereomers are depicted as and  symbols, respectively.
Cleavage rate constants and reaction endpoints for transesterifica- radiolabeled species migrating faster than the input 32P-
tion by vaccinia topoisomerase are indicated to the right of each labeled 18-mer strand, but slower than a free 32P-labeled
structure. 12-mer. The cluster consists of the 12-mer 5-pCG
TGTCGCCCTTp linked to one or more amino acids of
the topoisomerase. Detection of the covalent oligonu-in the initial binding of topoisomerase to the modified
DNA. Note that the large rate decrement in cleavage of cleotide-peptide complex was completely dependent
on prior digestion of the sample with proteinase K (Fig-the 3S methylphosphonate DNA cannot be attributed
to charge neutralization per se, because the 3R meth- ure 2), because the labeled DNA does not migrate into
the polyacrylamide gel when it is bound covalently toylphosphonate modification also neutralized the back-
bone charge without affecting the cleavage rate. the intact topoisomerase polypeptide. The instructive
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finding was that the same cluster was produced by pro-
teinase K digestion of the covalent adduct formed by
topoisomerase on the scissile strands containing 1R
and 1S methylphosphonates (Figure 2). Thus, the site
of covalent adduct formation was unchanged by the
modifications. Any shift in the cleavage site, and hence
the size of the covalently bound oligonucleotide, would
have been readily detected by an altered mobility of the
labeled oligonucleotide-peptide adducts.
The cluster of oligonucleotide-peptide adducts gener-
ated by proteolysis of the covalent complex between
topoisomerase and the 2R and 2S methylphospho-
nate DNAs was shifted upward compared to the unmodi-
fied DNA-peptide adducts. This shift toward slightly
slower mobility does not result from a change in the
cleavage site from the 1 phosphate to the 1 phos-
phate (which would increase the length of the covalently
adducted oligonucleotide to 13 from 12), but rather re-
flected the difference in negative charge on the methyl-
phosphonate-containing 12-mer oligonucleotide 5-pCG
TGTCGCCCTTp(Tyr) of the DNA-peptide adduct (net
charge of 13 at pH 8) versus an unmodified 12-mer
DNA (net charge of 14). We showed previously that a
free 5 32P-labeled 12-mer of identical sequence con-
taining a single internal methylphosphonate linkage mi-
grates slightly slower than an unmodified 3-phosphate
strand (Tian et al., 2003). Thus, methylphosphonate sub-
stitutions did not affect the cleavage site specificity of
vaccinia topoisomerase.
Effects of Methylphosphonate Modifications
in the Nonscissile Strand
30-mer nonscissile strands containing a single chiral
methylphosphonate at position 5, 4, 3, 2, or 1
of the 3-G5pG4pG3pA2pA1pT sequence were an-
nealed to an unmodified 5 32P-labeled 18-mer scissile
strand to form the series of ten suicide cleavage sub-
strates shown in Figure 3. We found that Rp or Sp meth-
Figure 3. Effects of Nonscissile Strand Methylphosphonates on Sin-ylphosphonates at positions 1 and 2 had no signifi-
gle-Turnover DNA Transesterification by Vaccinia Topoisomerasecant effect on the rate or extent of single-turnover
The 18-mer/34-mer suicide substrate is shown at the bottom ofcleavage, nor did the 3S or 5S methylphosphonate
the figure with the site of cleavage indicated by a vertical arrow.modifications (Figure 3). We surmise that the negative
The 5 32P-label on the scissile strand is denoted by an asterisk. Thecharges on the 1, 2, 3 and 5 phosphates of the
unmodified control substrate is depicted in greater detail with the
nonscissile strand are not essential for the DNA cleav- phosphodiester backbone drawn as horizontal lines and the base
age reaction. pairs as vertical lines. The Rp and Sp methylphosphonate diastereo-
mers are depicted as  and  symbols, respectively. Cleavage rateFour other methylphosphonate substitutions slowed
constants and reaction endpoints for transesterification by vacciniathe rate of transesterification by at least two orders of
topoisomerase are indicated to the right of each structure.magnitude (Figure 3). Cleavage of the 5R methylphos-
phonate substrate (kcl  9.2  105 s1) was slowed by
a factor of 5000 compared to unmodified DNA, with no
effect on the reaction endpoint. The rate of cleavage of phosphonate (kcl 1.1 105 s1) and the4 Rp methyl-
phosphonate (kcl  1.4  105 s1), which reduced thethe 3R methylphosphonate DNA (0.0025) was slower
by a factor of 180 than cleavage of unmodified DNA. rate of transesterification by factors of 30,000–40,000.
The absence of a stereo effect suggested that backboneDoubling the topoisomerase concentration did not result
in an increase in the cleavage rate constant with either charge neutralization may be the cause of the catalytic
defect. However, whereas the cleavage reaction end-substrate. The 1500-fold stereo effect (Sp/Rp) at the 5
phosphate and the 140-fold stereo effect (Sp/Rp) at the point was not significantly affected by the 4S methyl-
phosphonate (79% covalent adduct formation), the to-3 position suggest that the topoisomerase makes criti-
cal contacts specifically with the 5 and 3 pro-Rp poisomerase cleaved only 9% of the input 4R
methylphosphonate DNA (Figure 3). Neither the ob-oxygens during the cleavage reaction.
The most severe catalytic defects from nonscissile served cleavage rate constants for the 4 methylphos-
phonate DNAs nor the endpoint cleavage values werestrand modifications were caused by the 4 Sp methyl-
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increased by doubling the topoisomerase concentra-
tion, implying that the reactions with these DNAs were
not limited by the noncovalent binding step. We surmise
that the majority of the topoisomerase binding events on
the4 Rp methylphosphonate DNA were nonproductive
with respect to transesterification.
Selective Methylphosphonate Interference
with Cleavage versus Religation
The observed methylphosphonate interference effects
on the rate of DNA cleavage could reflect a requirement
for specific DNA backbone contacts for either (i) chemi-
cal catalysis of transesterification or (ii) DNA-assisted
assembly of a catalytically competent active site. The
observed rate of covalent complex formation by vaccinia
topoisomerase with unmodified DNA is believed to be
limited by the chemical step itself rather than by pre-
cleavage conformational steps (Kwon and Stivers,
2002). The topoisomerase catalytic cycle entails two
transesterification reactions, cleavage, and religation.
Religation occurs via the attack of the DNA 5-OH on
the covalent intermediate, leading to expulsion of the
Tyr274 leaving group and restoration of the DNA phos-
phodiester backbone. Religation is believed to be the
microscopic reversal of the cleavage reaction. Thus,
changes in the structure of the topoisomerase or the
DNA target site that inhibit the chemical step directly
will likely slow both the forward cleavage reaction and
the DNA religation reaction. However, changes that im-
pede active site assembly to the point that it becomes
rate limiting for cleavage will affect the cleavage reaction
selectively; they would have less impact on the rate of
religation by the preformed covalent topoisomerase-
DNA intermediate, in which the active site is already
assembled correctly.
Methylphosphonate effects on the religation reaction
were studied under single-turnover conditions by assay-
ing the ability of preformed suicide intermediate to trans-
fer the covalently held 5 32P-labeled 12-mer strand to
Figure 4. Effects of Methylphosphonates on Single-Turnover DNAa 5 OH-terminated 18-mer strand to form a 30-mer
Religation by the Covalent Topoisomerase-DNA Intermediateproduct (Shuman, 1992) (Figure 4A). After forming the
(A) Single-turnover religation by the covalent topoisomerase-(12-suicide intermediate on the unmodified 18-mer/30-mer
mer)/34-mer intermediate was initiated by simultaneous addition ofDNA substrate or 18-mer/30-mer DNA containing a
a 160-fold molar excess of an 18-mer acceptor strand complemen-
methylphosphonate at positions 4, 3, or 2 of the tary to the 5 single-stranded segment of the nonscissile strand.
scissile strand, the religation reaction was initiated by The religation reaction yields a 30-mer product.
(B) The kinetics of religation by the unmodified covalent intermediateadding a 50-fold molar excess of the 18-mer DNA ac-
and covalent intermediates containing methylphosphonate-modi-ceptor strand. The sequence of the added 18-mer is
fied scissile strands are shown.fully complementary to the 5 single-stranded tail of the
(C) The kinetics of religation by the unmodified covalent intermediatesuicide intermediate. The ionic strength was adjusted
and covalent intermediates containing methylphosphonate-modi-
simultaneously to 0.3 M NaCl to promote dissociation fied nonscissile strands are shown.
of the topoisomerase after strand ligation and prevent
recleavage of the 30-mer strand transfer product. Ali-
quots were withdrawn immediately prior to the addition 2R methylphosphonates on the scissile strand was
indistinguishable from that of unmodified DNA, asof 18-mer and NaCl (defined as time zero) and at various
times afterward and the extent of religation at each time gauged by the completeness of the reactions after 5 s
(Figure 4B). To a first approximation, these results showpoint was expressed as the fraction of the 32P-labeled
DNA present as covalent adduct at time zero that was that the interference effects of the 3S, 2R, and 2S
scissile strand methylphosphonates on the forwardconverted to 30-mer strand transfer product (Figure 4B).
Religation by topoisomerase bound covalently on un- cleavage rate (60-, 94-, and 13-fold decrements, respec-
tively) were specific for the cleavage step and not formodified DNA was effectively complete within 5 s, the
earliest time point analyzed. The religation of covalent the religation transesterification reaction. Note that al-
though the religation rate constant of vaccinia topoisom-complexes containing 4S, 4R, 3S, 3R, 2S, or
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erase (krel 1.0–1.2 s1) is too fast to measure manually, contacts between amino acid side chains of the enzyme
and the DNA phosphodiester backbone. We reporteda 10-fold decrement in the religation rate would have
been detectable in our assays. Thus, we surmise that recently that introduction of chiral methylphosphonates
in lieu of the scissile phosphodiester (position 1 oncontacts between topoisomerase and the 3 pro-Sp,
2 pro-Rp, and 2 pro-Sp phosphate oxygens of the the scissile strand) affected the rate and the outcome
of the vaccinia topoisomerase reaction. The 1 methyl-scissile strand play a role in the assembly of a catalyti-
cally competent active site. Our experiments do not phosphonates slowed the rate of DNA cleavage by fac-
tors of 220 and 3600 for the Sp and Rp diastereomers,distinguish whether the4S methylphosphonate, which
elicits a 5-fold decrement in cleavage rate, might affect respectively, and unmasked a latent hydrolytic activity
of the covalent topoisomerase-DNA intermediate (Tianreligation to a similar extent, because the manual assays
of religation are not sensitive to changes of 5-fold or et al., 2003). Here we have probed the effects of chiral
methylphosphonates at backbone positions flanking theless.
We also assayed religation by preformed topoisomer- cleavage site. The remarkable findings are that specific
methyl substitutions for nonbridging phosphate oxy-ase-DNA complexes containing methylphosphonates at
positions 5, 4, or 3 of the nonscissile strand (Fig- gens distant from the site of transesterification chemis-
try interfere strongly with the DNA cleavage reaction.ure 4C). The 5S methylphosphonate, which had no
significant effect on cleavage, also had no apparent The reduced rates of topoisomerase transesterification
to selected methylphosphonate-modified DNAs are notimpact on religation, which was complete in 5 s. In con-
trast, religation by the 5R methylphosphonate-modi- caused by interference with noncovalent binding, inso-
far as the rates did not increase when the concentrationfied complex was not complete until 60 s and we were
able to derive a single-turnover religation rate constant of topoisomerase was doubled. We interpret our find-
ings as evidence for DNA-assisted assembly of the ac-of 0.11 s1. The 10-fold slowing effect of the 5 Sp
methylphosphonate on krel was mild compared to its tive site of topoisomerase IB via contacts between the
enzyme and the phosphodiester oxygens flanking the5000-fold decrement in kcl, implying that a protein con-
tact to the 5 pro-Rp oxygen is critical specifically for cleavage site.
The observed position-specific methylphosphonatethe cleavage step. The rate of religation by the 3R
methylphosphonate-modified complex was 0.02 s1, effects on vaccinia topoisomerase fell into three classes
of outcomes. The first was no significant effect of eitherabout 2% of the normal religation rate (Figure 4C). Thus,
the 3 pro-Rp oxygen plays an important role in both the Rp or Sp diastereomer on DNA cleavage, as seen
at the 5, and 2 phosphates of the scissile strand andthe cleavage and religation steps. The rate of religation
by the 4S methylphosphonate-modified complex was the 1 and 2 phosphates of the nonscissile strand.
The most straightforward interpretation of this scenario0.01 s1 (Figure 4C). The 4 pro-Sp oxygen apparently
plays an important role in both the cleavage and religa- is that there are no functionally significant electrostatic
interactions of topoisomerase with these four phos-tion steps, although the magnitude of the effect of the
4S methylphosphonate on kcl (40,000-fold decrement) phates and, in all likelihood, no functionally significant
polar contacts between the enzyme and any one of thewas much greater than on krel (100-fold decrement). At-
tempts to measure religation by the 4R methylphos- nonbridging oxygens at these four phosphates. How-
ever, we cannot exclude the possibility that the topo-phonate-modified complex were complicated by the low
extent of covalent adduct formation (Figure 1) and the isomerase makes an important neutral hydrogen bond
to one of these phosphates, where either one of thefinding that only 30% of the covalent adduct that did
form during the cleavage phase was transferred to the bridging oxygens suffices when the other is replaced
by the nonpolar methyl group, i.e., if the nonbridgingadded 5-OH 18-mer strand during the religation phase
(data not shown). We surmise that a significant fraction oxygens are functionally redundant.
The second class of outcome is when significant in-of the topoisomerase that was bound covalently to the
4R methylphosphonate DNA was trapped in an inac- terference effects are elicited by the Rp and Sp methyl-
phosphonate diastereomers, with little or no stereo-tive state. This echoes the predominantly nonproductive
reactions of topoisomerase with the 4R methylphos- selectivity. This was observed for the 4 phosphate of
the nonscissile strand, where both methylphosphonatephonate suicide substrate.
diastereomers slowed cleavage by more than four or-
ders of magnitude. The simple explanation for this sce-
Discussion nario is that the loss of negative charge at the 4 phos-
phate, and hence its electrostatic contacts to the
Chiral methylphosphonates have been used previously enzyme, is directly responsible for the observed cata-
to test the effects of backbone charge neutralization on lytic defects. An alternative explanation would be that
protein nucleic-acid binding interactions (Noble et al., the topoisomerase makes two separate contacts with
1984; Pritchard et al., 1994; Dertinger and Uhlenbeck, the 4 phosphate oxygens on the nonscissile strand
2001) and substrate-assisted catalysis by uracil DNA and that loss of either contact drastically slows DNA
glycosylase (Jiang et al., 2003), but they have not been cleavage via independent pathways. The disparate ef-
applied widely to the analysis of phosphoryl transfer fects of the 4 Rp and Sp methylphosphonates on the
enzymes (Rosati et al., 2002). Topoisomerase IB is well extent of covalent adduct formation do suggest that the
suited to mechanistic probing with DNA methylphos- topoisomerase interacts differently with the pro-Sp and
phonates, because transesterification chemistry does pro-Rp oxygens. It is noteworthy that the cleavage sup-
pressive effects of the 4 methylphosphonates werenot involve a metal ion and there are numerous polar
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more severe than the effects caused by eliminating the
4 phosphate and replacing it by a 3-OH/5-OH nick
(Cheng and Shuman, 1999). This result suggests that
altered electrostatics may not entirely account for the
large 4 methylphosphonate interference effects. Con-
ceivably, steric hindrance by the methyl groups on
the 4 phosphorus of a protein-DNA contact may be a
major factor.
The third experimental scenario is when one of the
methylphosphonate diastereomers exerts a much greater
interference effect than the other diastereomer. This was
the case at the 1, 2, 3, and 4 phosphates of the
scissile strand and the 3 and 5 phosphates of the
nonscissile strand. One clear interpretation of such re-
sults is that the electrostatic contribution to catalysis at
any given phosphate cannot be greater in magnitude
than the lesser of the interference effects of the Rp or
Sp methylphosphonate diastereomers. In uncompli-
cated cases such as the 5 and 3 phosphates on
the nonscissile strand, where the Sp diastereomers are
tolerated and the Rp diastereomers interfere strongly
(1000-fold stereo effect at 5 and 100-fold stereo
effect at 3), we can conclude that electrostatic con-
tacts to the 5 and 3 phosphates are noncontributory
and the topoisomerase interacts specifically with the
pro-Rp oxygens. For the 3 phosphate on the scissile
strand, where the Rp diastereomer was tolerated and
the Sp diastereomer interfered (21-fold stereo effect), Figure 5. The Functional DNA Backbone Interface of Vaccinia Topo-
we can conclude that electrostatic contacts to the 3 isomerase, as Revealed by Methylphosphonate Interference
phosphate are again noncritical and that the topoisom- (A) An atomic model of a 17 bp B-form duplex DNA of sequence
erase interacts specifically with the pro-Sp oxygen. At 5-CGTGTCGCCCTTATTCC (reading from left to right in the model)
is shown with the nucleotide bases color gray and the sugar phos-position 4 on the scissile strand, the introduction of
phate backbone colored yellow. The nonbridging phosphate oxy-an Rp methylphosphonate had no deleterious effect and
gens at the scissile phosphodiester (5-CCCTTp↓A) are colored red.the Sp diastereomer had only a modest (5-fold) impact
The eight phosphate oxygens flanking the cleavage site at which
on cleavage rate. methylphosphonate substitutions elicited at least a 50-fold decre-
More complex cases arise when both methylphospho- ment in kcl are colored blue. The scissile strand phosphates are
nate diastereomers interfere significantly, but one is numbered in black; the nonscissile strand phosphates are numbered
in blue.more deleterious than the other, e.g., at the 1 phos-
(B) Protein-DNA contacts to phosphate oxygens of the nonscissilephate of the scissile strand. The cleavage rate constant
strand in the crystal structure of human topoisomerase I boundfor the 1 Rp methylphosphonate DNA (0.0032 s1) is
noncovalently to DNA (PDB 1A36) are illustrated. Only the backbone
in the same range as the cleavage rate constant of of the nonscissile strand is shown, with the sugars and bridging
0.0087 s1 observed for a DNA substrate in which the oxygens colored green and the phosphates colored yellow. The
1 phosphate on the scissile strand was eliminated and phosphates are numbered according to the convention used for
the vaccinia topoisomerase DNA target site. The four nonbridgingreplaced with a 3-OH/5-OH nick (Cheng and Shuman,
phosphate oxygens at which methyl substitutions interfered with1999). These concordant values suggest an upper esti-
transesterification by vaccinia topoisomerase are colored red; themate for the electrostatic contributions of this phos-
oxygens at which methyl substitutions did not interfere significantly
phate to cleavage. The much greater interference by the are colored green. Interactions between backbone amides of human
1 Sp methylphosphonate (50,000-fold compared to topoisomerase I and the 5 pro-Rp oxygen, the 4 pro-Sp and
unmodified DNA; 350-fold stereo effect) cannot be at- pro-Rp oxygens, and the3 pro-Rp oxygen are indicated by dashed
lines. The amino acid positions of the human topoisomerase aretributed to altered electrostatics or even to simple loss
indicated in black. Side chains Arg488, Lys532, and Arg590, whichof a contact with the pro-Sp oxygen (which would also
corresponding to catalytic residues Arg130, Lys167, and Arg223 ofbe lost in the 3-OH/5-OH nick substrate), but is likely
vaccinia topoisomerase (annotated in red italics) are shown pointing
to result from disruptive effects imposed by the 1 Sp toward the scissile phosphate.
methyl group. The cleavage rate constant for the 2
Sp methylphosphonate DNA (0.035 s1) sets an upper
sile phosphodiester colored red. The eight flanking non-estimate of 13-fold for the electrostatic contributions of
bridging phosphate oxygens on the scissile and non-this phosphate to cleavage. The 7-fold greater interfer-
scissile strands at which methyl substitutions reducedence by the 2 Rp methylphosphonate suggests that
the cleavage rate by at least a factor of 50 are coloredtopoisomerase contacts the pro-Rp oxygen directly.
blue. It can be appreciated that the functional interfaceFigure 5A depicts a space-filling view of a B-form 17
of topoisomerase with the phosphate backbone entailsbp duplex DNA containing the topoisomerase target site
contacts across the minor groove on the face of the(5-CGTGTCGCCCTTp↓ATTCC, reading from left to right
in the model) with the nonbridging oxygens of the scis- helix on which the scissile phosphodiester lies.
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Having used methylphosphonate interference to de- backbone amide of Asn491 of human topoisomerase IB
(Figure 5B), which corresponds to Lys133 of vacciniafine the functionally relevant DNA backbone interface
of topoisomerase, what can we surmise about the steps topoisomerase. The 490Gly-Asn491 and 132Gly-Lys133 dipep-
tides of the human and vaccinia proteins are locatedthat are affected by the methyl substituents? Because
the interference effects are multiple and at a distance immediately adjacent to catalytic residues Arg488 and
Arg130, respectively (Figure 5B). The conserved argininefrom the 1 phosphodiester where transesterification
chemistry occurs, we propose that backbone contacts makes direct contact with the scissile phosphodiester
and is essential for the chemical steps of cleavage andare critical to trigger assembly of a catalytically compe-
tent active site subsequent to initial noncovalent binding religation. Arg130 of vaccinia topoisomerase enhances
the rate of transesterification by a factor of 105 via aof topoisomerase to the CCCTT target site. Whereas
the proposed precleavage conformational step is not combination of transition state stabilization and proton
donation to the 5-OH leaving group (Wittschieben andnormally rate limiting when topoisomerase cleaves un-
modified DNA, we suggest that the loss or distortion Shuman, 1997; Krogh and Shuman, 2002). The peptide
segment 129IRFGKMKYL137 that includes both the cata-of specific backbone contacts renders this step rate
limiting when topoisomerase cleaves methylphospho- lytic arginine and the putative contacts to the 4 phos-
phate of the nonscissile strand is disordered in thenate-modified DNAs. In the many instances in which the
methylphosphonate modification exclusively or selec- crystal structure of free vaccinia topoisomerase and
sensitive to proteolysis in solution, but it becomes fullytively interferes with the cleavage reaction, but not the
religation step, we infer that the methyl group slows the protected from proteolysis after the topoisomerase
binds to the DNA target site. Thus, we propose thatrate of assembly of the active site prior to cleavage,
but does not affect the active site once the covalent the observed 4 methylphosphonate interference with
cleavage chemistry reflects the loss of phosphate con-intermediate is formed. In the cases where a methyl
substituent on the nonscissile strand interferes signifi- tacts that normally recruit Arg130 to the active site.
Similar explanations are inferred for the profound ste-cantly with both cleavage and religation, we suggest
that the methyl group may affect both the formation of reospecific interference by the3 Rp and5 Rp methyl-
phosphonates on the nonscissile strand. The 3 pro-the active site prior to cleavage and the maintenance
of the active site in the context of the covalent intermedi- Rp oxygen in the human topoisomerase-DNA cocrystal
is near the backbone amide of Asp533 (Figure 5B), whichate. If the active site of the covalently bound topoisomer-
ase decays to a catalytically incompetent or impaired is equivalent to Asp168 of vaccinia topoisomerase.
Asp168 is vicinal to Lys167, an essential general acidconformation as a result of the perturbation of protein-
DNA contacts by the methylphosphonate moiety, then catalyst that enhances the rate of transesterification by
a factor of104 (Wittschieben and Shuman, 1997; Kroghthe observed slowed rates of single-turnover religation
may reflect a rate-limiting transition between inactive and Shuman, 2000, 2002). Vaccinia residue Lys167 is
conserved and essential in all type IB topoisomerasesand active covalent complexes.
Although the identity of the protein constituents that and tyrosine recombinases (Jensen and Svejstrup, 1996;
Cao and Hayes, 1999; Guo et al. 1999; Chen and Rice,interact with the critical nonbridging phosphate oxygens
cannot be surmised from the available crystal structure 2003). Lys167 is located in the loop connecting the sec-
ond and third antiparallel  strands of the catalytic do-of the free vaccinia topoisomerase (Cheng et al., 1998),
the protein contacts to the equivalent phosphate oxy- main of vaccinia topoisomerase (Cheng et al., 1998).
The 2-3 loop displays considerable conformationalgens in the DNA cocrystal structures of human topo-
isomerase IB (Stewart et al., 1998; Redinbo et al., 1998) flexibility in the various tyrosine recombinase and topo-
isomerase IB structures. Modeling of the crystal struc-provide a framework for interpretation of the functional
data for vaccinia topoisomerase. (The kinetic contribu- ture of free vaccinia topoisomerase onto its CCCTT tar-
get site suggests that the 2-3 loop and Lys167 initiallytions of nonbridging phosphate oxygens to transesterifi-
cation by human topoisomerase I are not known.) In- lie outside of the DNA helix (Cheng et al., 1998). Compari-
son to the human topoisomerase-DNA cocrystal impliesspection of the DNA-bound human topoisomerase IB
structures provides potential explanations for many of a conformational change upon noncovalent binding of
the enzyme to DNA, whereby the loop and Lys167 tra-the methylphosphonate interference effects, particularly
those caused by remote methylphosphonates on the verse the circumference of the helix and enter the minor
groove within reach of the scissile phosphodiester (Re-nonscissile strand. For example, the severest interfer-
ence effects were elicited by the 4 Rp and Sp methyl- dinbo et al., 2000) (Figure 5B). The conformation of the
2-3 loop hairpin loop appears to play a role in trans-phosphonates on the nonscissile strand. In the human
topoisomerase-DNA cocrystal, the 4 pro-Rp oxygen esterification, insofar as mutations of residues F164A
and G166A immediately proximal to the Lys167 generalengages in a hydrogen bond to the backbone amide
of Gly490 (Figure 5B), which corresponds to Gly132 of acid of vaccinia topoisomerase affect the rate of DNA
cleavage and the cleavage equilibrium constant (Pet-vaccinia topoisomerase. Previous studies showed that
substitution of vaccinia Gly132 with alanine slowed the ersen et al., 1996). Thus, we propose that the observed
nonscissile strand 3 Rp methylphosphonate interfer-rate of cleavage by a factor of 250, with only a 10-fold
slowing of the rate of religation; this effect was attributed ence with cleavage and religation chemistry reflects the
loss of phosphate contacts to the main chain of the 2-to steric hindrance caused by the G132A change with a
precleavage activation step (Wittschieben and Shuman, 3 loop that anchor the lysine general acid in the active
site of the topoisomerase.1997). In the human topoisomerase-DNA cocrystal, the
4 pro-Sp oxygen accepts a hydrogen bond from the The 5 pro-Rp oxygen in the human topoisomerase-
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saturating level of input topoisomerase (either 75 or 150 ng) andDNA cocrystal accepts hydrogen bonds from the back-
the endpoint cleavage values are shown in Figures 1 and 3.bone amides of Ala586 and Lys587 (Figure 5B), which
correspond to Ile219 and Lys220 of vaccinia topoisom-
Cleavage Site Specificity
erase. These dipeptides are located immediately proxi- Reaction mixtures (20 	l) containing 50 mM Tris-HCl (pH 7.5), 0.3
mal to a second catalytic arginine (Arg590 and Arg223 pmol of standard or methylphosphonate-modified 18-mer/30-mer
in the human and vaccinia proteins, respectively) that DNA, and 75 ng of vaccinia topoisomerase were incubated for either
5 min (unmodified DNA), 10 min (2R and2S methylphosphonate-directly contacts the scissile phosphodiester (Figure
modified DNAs), 1 hr (1R methylphosphonate DNA), or 6 days (1S5B). Arg223 of vaccinia topoisomerase enhances the
methylphosphonate DNA) at 37
C. The reactions were quenched byrate of transesterification by a factor of 105 via transition
adding SDS to 1% final concentration. Half of the sample was di-
state stabilization (Cheng et al., 1997; Krogh and Shu- gested for 1 hr at 37
C with 10 	g of proteinase K, and the other
man, 2000). We posit that the observed 5 Rp methyl- half was not digested. The mixtures were adjusted to 47% for-
phosphonate interference with cleavage chemistry re- mamide, heat denatured, and electrophoresed through a 20% dena-
turing polyacrylamide gel containing 7 M urea in TBE (90 mM Tris-flects the loss of protein-phosphate contacts that tether
borate, 2.5 mM EDTA). The reaction products were visualized byArg223 in the active site.
autoradiographic exposure of the gel.In summary, chiral methylphosphonates have illumi-
nated the DNA side of the topoisomerase-DNA interface Single-Turnover Religation by the Suicide Intermediate
at single atom resolution and highlighted the critical Cleavage reaction mixtures containing (per 20 	l) 0.3 pmol of the
role of backbone phosphate contacts in triggering DNA 18-mer/30-mer DNA and 2.1 pmol of topoisomerase were incubated
for 5 min (unmodified DNA) or 60 min (methylphosphonate-modifiedcleavage. The outstanding challenge now is to obtain
DNAs) at 37
C to form the suicide intermediate. Religation was initi-additional structural snapshots of topoisomerase IB as
ated by the simultaneous addition a 5 hydroxyl-terminated 18-merit traverses the conformational and chemical steps of the
acceptor strand (5-ATTCCGATAGTGACTACA) to a concentration
catalytic cycle. Methylphosphonate-substituted DNAs of 15 pmol/20 	l and NaCl to 0.3 M concentration. Aliquots (20 	l)
provide powerful tools to capture normally evanescent were withdrawn at the times 10, 20, 30, 60, 120, and 300 s and
conformational states of the enzyme. quenched immediately with 1% SDS. A time zero sample was with-
drawn prior to addition of the acceptor strand. The samples were
digested with 10 	g of proteinase K. The digests were mixed withExperimental Procedures
an equal volume of 95% formamide, 20 mM EDTA, then heated at
90
C to denature the DNA. The products were analyzed by electro-DNA Substrates
phoresis through a 17% polyacrylamide containing 7 M urea in TBE.Oligonucleotides containing single chiral methylphosphonates were
Religation of the covalently bound 12-mer strand to the 18-merprepared by incorporating isomerically pure Sp and Rp dinucleotide
acceptor DNA yields a 5 32P-labeled 30-mer strand transfer product.methylphosphonate 5-NpN cassettes during standard phosphora-
The extent of religation (expressed as the percent of the covalentmidite-based oligonucleotide synthesis protocols. Synthesis and
intermediate converted into 30-mer) was plotted as a function ofpurification of the methylphosphonate cassettes was performed
reaction time (Figure 4). The data were normalized to the endpointessentially as described (Reynolds et al., 1996). The methylphos-
values and krel was determined by fitting the data to the equationphonate dinucleotides were 95% diastereochemically pure, as
(100  %Relnorm)  100ekt.determined by analytical HPLC with peak integration and 31P NMR
spectroscopic analysis. The CCCTT-containing scissile strands
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